 Mean squared slope measured by buoys responds to wind forcing in 0.4 to 1.8 hours.
Background and Motivation
The evolution of ocean surface waves has been the object of study for many decades. However, much effort has been devoted to the study of two wave properties: wave height and peak frequency [e.g., Young, 1999; CERC, 1977] . Wave height is important to mariners, surfers, and coastal engineers. Peak frequency dictates the velocity of the dominant waves, and is therefore critical to the forecasting of the time of arrival of waves at the coast.
The bulk of past studies on the growth of these two quantities has focused on two ideal cases:
1. Temporal steady-state, in which a steady wind blows for a sufficiently long duration. The wave properties can then be described as a function of distance downwind. This case has been termed "fetch-limited" growth [e.g., Hasselmann et al., 1973] .
2. Spatial steady-state, in which the winds are steady over a sufficiently large distance. The wave properties are then only a function of time. The wind forcing is considered to be a step function starting from calm conditions. This scenario is known as "duration-limited" growth [e.g., Hwang et al., 2004a ].
All present techniques for the remote sensing of ocean surface winds rely on surface wave properties. In particular, the ocean surface roughness is directly related to the scattering cross section measured in active remote sensing and the brightness temperature sensed in radiometry. The surface roughness includes contributions from higher portions of the wave spectrum than those characterizing the wave height or spectral peak. In monostatic scatterometry, the accepted Bragg scattering theory attributes the signal to resonant reflections from waves of select wavelengths. In bistatic remote sensing and radar altimetry, however, the specular and quasi-specular reflection from large scale slopes is believed to be the dominant contributor to the measurement, and so the low-pass filtered mean square slope is the quantity directly relatable to the radar cross section [Valenzuela, 1978; Zavorotny et al., 2000] . In both cases, measurements related to mss are assumed to be, indirectly, proxy measurements of the local winds. The response time of the mss to wind is, then, of fundamental importance to these techniques of ocean wind remote sensing.
Although there have been many studies of the mean square slope and the relevant portions of the wave spectrum, from modelling [e.g., Hwang et al., 2013] , in-situ sensing [e.g., Hwang et al., 2004b] , and remote sensing [e.g. Cox and Munk, 1954; Jackson et al. 1992] approaches, empirical research on the evolution of mss as a function of fetch or duration has remained scarce. In this paper, we study the temporal evolution of low pass filtered mss in a
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Confidential manuscript submitted to JGR: Oceans variety of field conditions over many years -specifically, measurements by 46 National Data Buoy Center (NDBC) buoys are analyzed. The dataset ranges from 2004 to 2014, inclusive.
We begin by giving a detailed account of the instrumentation and data processing. We then present the response time statistics, and show how they are correlated with various geophysical quantities. Finally, we discuss the implications of our results, which are limited by the wavelengths on the shorter end, for remote sensing. Comparisons to duration-limited growth predicted by two wave-age dependent wave spectra are also made.
Data Source and Processing

Data Source
The NOAA NDBC operates and maintains moored buoys in the coastal U.S. regions. The 3 m, 6 m, and 10 m discus buoys are capable of measuring the wave frequency spectrum as well as many other environmental parameters such as wind speed, wind direction, air temperature, and sea surface temperature (SST). The majority of the buoys are of the 3 m discus type. The non-directional wave spectrum is derived from a time series of heave acceleration measurements collected by hull-fixed accelerometers [NDBC, 1996] . The frequency range of the waves sensible by the buoys is dictated by the dimensions of the buoys.
The wave spectra data typically range from 0.02 Hz to 0.485 Hz. For linear waves, this corresponds to 0.0016 rad/m to 0.95 rad/m in wavenumber, or about 4 km to 6.64 m in wavelength.
From the data, it is seen that most wind speeds range from 5 to 15 m/s. The wind speeds are measured at a height of 5 meters.
Most buoys acquire wave data for a duration of 20 minutes each hour, at 20 min. to 40 min. after the hour. These measurements are then averaged to derive the wave spectrum, which is reported at hourly intervals.
Not all measurements are taken continuously and simultaneously. A data product known as "continuous wind", however, is measured continuously, and is averaged every 10 minutes. The first continuous wind measurement of the hour starts at minute 0 and ends at minute 10.
Meteorological data such as air temperature and SST are 8-minute averages, collected hourly from 42 to 50 minutes after the hour [NDBC, 2009b] . The air temperature is measured at a height of 4 meters. NDBC historical data were accessed from [NDBC, 2015] . We take the time of each measurement to be at the center of the averaging period. For example, a wind measurement averaged from 10 to 20 min after the hour is taken to be the wind speed at 15 min after the hour. Likewise, the wave measurements made between 20 and 40 min after the hour are taken to be the sea state at 30 min after the hour. (It should be noted, however, that the reported timestamps in NDBC datasets are not at the center but vary by the type of measurement [NDBC, 2012a] ; care is taken to interpret the timestamps correctly.) To synchronize the wind and wave data, both datasets are interpolated to 5 minute intervals. A spectrum-preserving sinc interpolator is used. For other meteorological data, only long term averages are needed for our analysis and so no interpolation is necessary.
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Confidential manuscript submitted to JGR: Oceans Due to vandalism and possibly other issues (recovery and redeployment, for example) 98 [Teng et al., 2010] For bathymetry, the cell-registered version of ETOPO1 [Amante et al., 2009] Because the mss is a spatial property, the one-dimensional frequency spectrum measured 116 by buoys first needs to be converted to a wavenumber spectrum. The linear dispersion relation in 117 deep water is invoked to perform this conversion. To ensure that the deep water approximation 118 holds, we exclude buoys in shallow coastal waters, in which the behavior of waves is 119 significantly more complicated [Donelan et al., 2012] . To compute a depth threshold, we first 120 note that the wind speeds measured by buoys rarely exceed 20 m/s. From the fully-developed 121 Elfouhaily spectrum [Elfouhaily et al., 1997] direction, is expected to be highly correlated with location, which in turn is related to the fetch, 161 and, as shown in Section 5, fetch has a strong effect on the evolution of the wind sea. with no lag time applied is shown in Figure 1 . The scatter could be due to swell, duration, and other factors considered in the following sections. In addition, scatter is also contributed by averaging and interpolation -we recall the waves are 1 hour averages while the winds are 10 min averages. We see, later, however, that by leveraging the data collected over eleven years, we can derive with some confidence a response time better than 1 hour in resolution.
We note that the swell contributes a positive bias to the wind sea mss; the mss in the scatter plot is not just due to wind waves. However, as noted, the swell is uncorrelated with wind speed and changes in wind speed. Therefore, it does not impact the derived response time. However, note that inclusion of the swell mss is desirable if we are trying to derive a geophysical model function that relates wind speed to the remotely sensed mss observable, because the mss observable also includes swell contributions.
A least-squares, second order polynomial fit is applied to the data shown in Figure 1 , and the residual RMS difference is noted. This is then repeated using time lags of between 0 and 10 hours. The resulting residual difference vs. lag time is shown in Figure 2 .
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Confidential manuscript submitted to JGR: Oceans The time lag at which the residual RMS difference is minimized is found to be 40 minutes (~0.7 h). This, then, is the response time of the mss to the local wind speed for this 30-day data set.
It should be noted that the above procedure needs to be applied to continuous, gap-free wind and wave signals to ensure the proper time match-up of lagged waves and wind. We apply the above method to all continuous 30 day signals over the full 11 years of data for the same buoy. A histogram of the resulting response times for Buoy Station 42058 is shown in Figure 3 .
This article is protected by copyright. All rights reserved. 
Figure 4
Histogram of lag-correlation response times found derived from consecutive 30-day measurements of Station 42058 over 11 years. These response times are found to be less stable than the ones derived by minimizing the RMS residual, so they are not used in this paper.
The lag-correlator method is seen to be less stable, and sometimes misidentifies the wind wave response resulting in a more than 10 hour lag. Response times greater than 10 hours are not believed to be physically reasonable -when the signal lengths are increased, these anomalously long lags are no longer seen. Because of this, the lag-correlator is not used in this study.
Results for All Buoys
Forty-six NDBC buoys were found to satisfy the criteria specified in Section 2.1. We apply the RMS minimization procedure to all 46 buoys, with 11 years of data, to obtain response times for each location. Data in all field conditions are used. Figure 5 shows a map of the response time derived at each buoy location.
The response times are seen to vary between 0.4 and 1.8 hrs. It is also seen that, in general, stations with a close proximity to one another have similar response times, likely because they are subjected to the same environmental conditions. In Sections 4 to 6, we investigate the dependencies of these response times on environmental factors. Hwang et al. [2013; and Elfouhaily et al. [1997] designed models of wave spectra that depend on wind speed and wave age. By using the second-order duration-limited growth functions from [Hwang et al., 2004a; Hwang et al., 2005a] , the wave age can be computed knowing the duration and wind speed. The wave age and wind speed can then be used with the wave spectrum models to compute an LPmss bounded above by 1 rad/m (as measured by the buoys). The duration-limited growth of LPmss predicted by the two wave spectra are shown in This article is protected by copyright. All rights reserved.
Comparisons to Models of Duration-Limited Wave Growth
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Confidential manuscript submitted to JGR: Oceans Duration-limited growth assumes a wind speed step function waveform starting at 0 m/s up to the scaling wind speed magnitude (varied from 5 to 20 m/s in Figures 6 and 7) . As mentioned in Section 1, duration-limited growth implies large fetch. In reality, wind speed fluctuations are not step functions starting from calm conditions, the fetch is finite, and the correlation of wind and waves incorporates wave growth as well as wave decay.
However, the response time (as defined in Section 3.1) of wave growth in ideal durationlimited conditions can be derived from the results in Figures 6 and 7 . An approximate estimate of the response time corresponds to the time the duration-limited LPmss grows to 50% of its final, steady state value (assuming one exists). Had the wave response been a ramp function, this estimate obtained with this method would be perfect. The response times derived thus are shown as a function of wind speed in Figure 8 . The response times corresponding to wave growth, as predicted by the two models, are seen to be significantly lower than the empirical results found from the NDBC buoy data. This could be due to a much slower wave decay rate than growth rate, or the overestimation of the wave growth rate in the models. Further study, perhaps with data collected in carefully controlled conditions, is needed to resolve this question.
Dependence of Response Time on Wind Speed
The analysis based on wave spectra models, as illustrated in Figure 8 , predicts that the response time decreases as wind speed increases. To assess whether this behavior is also exhibited by the NDBC buoy data, we apply the same RMS minimization procedure discussed in Sections 3.1 and 3.2 to the wind speed and LPmss data of each buoy, except now we bin the data according to wind speed and consider the data in each bin separately. The response times identified for each bin are then averaged. We consider 3 wind speed bins: 0 -6 m/s, 6 -8.5 m/s, and 8.5 -20 m/s. The binning was made non-uniform because most data fall between 5 and 15 m/s; even so, there is insufficient data for some bins for some buoys, in which case a response time cannot be determined reliably for that case.
Due to the number of buoys, we present the results in two separate plots in Figure 9 to avoid clutter:
This article is protected by copyright. All rights reserved. Data used to generate this plot can be found in Dataset S1, as part of the Supporting Information associated with this paper.
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We then choose suitable locations for fetch studies. The locations should be close in proximity with approximately the same wind direction, because it is desirable that winds do not change appreciably over these distances. Only locations far from land are considered to avoid coastal wave processes such as reflection and bottom refraction. The selected stations, along with the response times, are shown in Figure 12 .
Confidential manuscript submitted to JGR: Oceans in an attempt to reconcile the differences in wave growth. They derived the fetch-limited growth 360 relations separately for unstable and stable conditions, and noted that unstable stratification 361 enhanced wave growth, even when using friction velocity as the scaling wind speed. Young et al. 362 (1998) analyzed data from the Lake George experiment [Young and Verhagen, 1996] with Kahma et al. [1992] . Since duration-limited growth can be related to the fetch-limited 369 growth using the space-time conversion relations [Hwang et al., 2004a] , we expect that waves 370 grow more rapidly as a function of time in duration-limited cases as well. This implies a shorter 371 response time in less stable conditions, which we now verify.
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In the following analysis, we also employ the Bulk Richardson Number as a measure of shorter response time, in agreement with previous empirical studies. Our results, therefore, 382 support the idea [Young, 1998 ] that wave growth similarity theory should be augmented with a 383 dimensionless group characterizing atmospheric stability, in addition to dependencies on
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Confidential manuscript submitted to JGR: Oceans dimensionless fetch and duration. The apparent outlier in Figure 13 , Station 46077, is located just south of Alaska and north of an island. This station likely experiences short fetch wave conditions, and this may contribute to its short response time.
Dependence of Response Time on Wavelength and Implications for L-band Remote Sensing
We now investigate the behavior of the response time as the upper limit of integration in Equation 1 is varied. Note that, instead of analyzing the bandpass mss studied previously by Chen et al. [2012] , we study the LPmss, which is of interest to bistatic sensors and radar altimeters. We choose 4 upper limits, and they are chosen so that the cumulative distribution function (CDF) of LPmss as a function of wavelength attains 25%, 50%, 75% and 100% respectively for the 4 LPmss'es. (The CDF is computed using the Elfouhaily wave spectrum, which is very similar to the CDF derived from the H spectrum.) Similar to the method used to analyze the wind speed dependency, we average the response times for each LPmss and each buoy for 11 years. The results are presented in the two plots of Figure 14 .
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Confidential manuscript submitted to JGR: Oceans The parameters of the fitting functions for these two stations are listed in Table 1. 423 Table 1 et al. [1996] analyzed the spectral correlation of wind and waves using data from an L-band scatterometer and a sonic anemometer. The radar data consisted of about 4 days of data in records of about 5 minutes long, which confined the applicability of their results to fluctuations on the order of 0.01 Hz and higher. The low coherence they found at L-band implies that if an L-band response time can be identified, it would be greater than timescales of 100 seconds. Our results are, therefore, in general agreement with this conclusion.
It should be noted that the response time extrapolation to L-band is speculative, and measurements of mss at these wavelengths, in a variety of conditions, would be needed validate this result.
Concluding Remarks
In this work, we analyzed collocated wind and wave data measured by 64 moored discus buoys over 11 years. We found the response times of mss to wind forcing for each buoy to be reasonably stable, and all response times are bounded between 0.4 and 1.8 hours. We also find that the mss response time is dependent on wind speed magnitude, fetch, atmospheric stability, and wavelength. The response times are, however, much greater than what current models of wave age dependent wave spectra predict. This may be due to effects of wave decay or inaccurate wave age dependency in the models.
Our results would be directly relevant to HF and VHF remote sensing of the ocean. They can also serve as bounds for L-band bistatic remote sensing. The Cyclone Navigation Satellite System (CYGNSS) is a spaceborne L-band bistatic mission to be launched in late 2016 [Ruf et al., 2016] . Integrations of the H spectrum reveal for wind speeds ranging from 5 m/s to 15 m/s, which constitutes most of the data collected by NDBC buoys, 50% of the LPmss sensitivity to wind is due to waves 6.6 m and longer (the NDBC buoy wavelength range). This percentage is very sensitive to wind speed, and becomes higher as the wind speed increases. For CYGNSS's incidence angle, the upper wavenumber limit sensed is about 10 rad/m. We saw in Section 7 that the extrapolated L-band response exhibits a rather large variability about a mean of 0.66 hours. We noted that our results are in keeping with previous observations by Weissman and al. [1996] . Chen et al. [2012] showed that response times of bandpass filtered mss also decreases monotonically with increasing wavenumber, so our results are also applicable to L-band scatterometers like SMAP [Entekhabi et al., 2010] . Furthermore, this study indicates that ancillary data such SST and air temperature could be beneficial in improving the accuracy of the wind retrievals.
Finally, we note that the data used in this analysis are limited in wavelengths sensed by the buoys (on the shorter end). In-situ measurements of short, intermediate-scale waves can be quite challenging [Hwang, 2005b] . Remotely sensed data, like those to be provided by CYGNSS, coupled with collocated in-situ wind measurements, will likely be invaluable for advancing our understanding of this topic.
